NASA's New Millennium Program is scheduled to test a Disturbance Reduction System (DRS) on Space Technology 7 (ST7) as part of the European Space Agency's (ESA's) LISA Pathfinder Mission in late 2009. Colloid Micronewton Thrusters (CMNTs) will be used to counteract forces, mainly solar photon pressure, that could disturb gravitational reference sensors as part of the DRS. The micronewton thrusters use an ionic liquid, a room temperature molten salt, as propellant. The ionic liquid has a number of unusual properties that have a direct impact on thruster design. One of the most important issues is bubble formation before and during operation, especially during rapid pressure transitions from atmospheric to vacuum conditions. Bubbles have been observed in the feed system causing variations in propellant flow rate that can adversely affect thruster control. Bubbles in the feed system can also increase the likelihood that propellant will spray onto surfaces that can eventually lead to shorting high voltage electrodes. Two approaches, reducing the probability of bubble formation and removing bubbles with a new bubble eliminator device in the flow system, were investigated at Busek Co., Inc. and the Jet Propulsion Laboratory (JPL) to determine the effectiveness of both approaches. Results show that bubble formation is mainly caused by operation at low pressure and volatile contaminants in the propellant coming out of solution. A specification for the maximum tolerable level of contamination has been developed, and procedures for providing system cleanliness have been tested and implemented. The bubble eliminator device has also been tested successfully and has been implemented in recent thruster designs at Busek. This paper focuses on the propellant testing work at JPL, including testing of a breadboard level bubble eliminator device.
Introduction
Colloid Micronewton Thrusters (CMNTs) [1] [2] [3] are being developed by Busek Co., Inc. for flight demonstration on Space Technology 7, as part of NASA's New Millennium Program. Operated by the Jet Propulsion Laboratory (JPL), ST7 will be one of two payloads on a European Space Agency (ESA) spacecraft, LISA Pathfinder, scheduled to launch in late 2009. The ST7 CMNTs will be used as actuators to counteract forces and disturbances (mainly produced by solar radiation pressure) that could negatively influence the gravitational reference sensors (GRS). The microthrusters, GRS, and control software make up the Disturbance Reduction System (DRS) that is a crucial technology for future precision formation flying missions such as LISA.
The ST7 colloid thrusters operate by creating charged droplets from an ionic liquid [4, 5] and accelerating them through an electric field set up by electrodes downstream of the emitters that provide the propellant. Ionic liquids have been used in many electrospray and colloid thruster studies [insert references], and can be classified as a room temperature molten salt with a number of unusual properties that have a direct impact on thruster design. Specifically, one of the primary problems encountered during developmental thruster operation at Busek was bubble formation in the feed system. The ST7 CMNT processes propellant through a 9-emitter array fed from a common manifold [1] ; the hydraulic impedance of the emitters is matched so that the flow divides equally among them. If a bubble forms, it can block flow to one or more emitters and disrupt thruster operation, possibly increasing thrust noise, a vital performance parameter for the CMNT. With one or more emitters blocked, the remaining emitters must also process more propellant, which results in a more divergent beam. This can produce overspray, a condition in which propellant directly impinges on the accelerator electrode. Because the propellant is a conductive liquid it can then wick along the electrode and along the insulators to short or partially short out the power supplies used to accelerate the propellant. Since normal operation of the thruster is at microamp and kilovolt levels, even impedances on the order of a gigaohm can provide operational difficulties.
Because bubbles can cause reduced thruster performance and propellant overspray, work was performed at both Busek and JPL to gain understanding into what caused bubble formation and how to either prevent them from forming and/or remove them from the feed system once they were present. The solution to the problem required two approaches. The first approach, taken on mainly by JPL, was to determine a propellant cleanliness specification required to prevent bubble formation in the propellant feed system. As part of this effort, work was also performed to determine a cleaning method for the propellant feed system to avoid introducing contaminants during propellant loading. The second approach, taken on mainly by Busek, was to design and test a bubble eliminator device that could be used to remove bubbles from the thruster feed system. In this approach, testing was done at JPL to determine the compatibility of materials used in the thruster with the ionic liquid propellant.
While this paper mainly focuses on results from tests at JPL, the specific design and implementation of the bubble eliminator will be left to future publications produced by Busek. The remainder of the paper includes a description of the experimental apparatus, feed system component cleaning methods and test results, propellant contamination specification development, and material compatibility tests for the propellant feed system components.
Experimental Apparatus
Testing to investigate cleaning methods and bubble formation in the propellant was conducted using the apparatus shown in Figure 1 . Cleaning methods were investigated using the section of tubing wrapped in the orange heater tape seen near the bottom of the photograph. For these tests a 0.1 m long, 1x10 -3 m ID stainless tubing could be installed into a setup that allowed purging the tube with dry nitrogen or it could be connected to a turbo pumped vacuum system. Pressure was monitored using vacuum ion gauges located at either end of the tube. The tube could be pumped from either or both ends. Typically testing was performed by pumping from one end of the tube which left a dead volume at the other end. This is similar to having to pump the propellant tank through the feed system lines prior to filling the tank with propellant.
Additional testing was conducted using a breadboard bubble eliminator provided by Busek. The bubble eliminator has three ports: propellant input and output and an exhaust port for bubbles removed from the flow system Both the input and the output could be connected to a propellant source or sink, as well as pressurized or evacuated into the larger vacuum tank or into smaller viles to store the propellant. The exhaust port could be attached to the vacuum system or to a line that could provide dry nitrogen.
Figure 1. Apparatus for Testing Cleaning Methods and Breadboard Bubble Eliminator

Cleaning Methods
Development and testing of cleaning methods for propellant feed system components was performed to verifiy the best way of reducing propellant contamination in the small channels in the thruster feed system.. Initially, standard JPL cleaning methods were used and then modified by adding extra rinses using several cleaning agents including water, isopropyl alcohol (IPA) and ethanol. In addition, various drying techniques were tested as a last step in the component cleaning procedure.
Subsequent to the final rinse the tube was dried using a dry nitrogen purge. Data showing the dew point at the tube outlet as a function of drying time is shown in Figure 2 . Some of the tests were conducted with the tubing at ambient temperature-these are the no bakeout cases shown in Figure 2 . In these tests ethanol (ethyl in Figure 2 ) reached a dew point of -80 C faster than either the water or the IPA. Because of this result, subsequent testing was performed using ethanol for the final cleaning rinse.
Figure 2. Dew Point vs Time During Dry Nitrogen Purge
Once the nitrogen purge was completed, the tube was then pumped down to vacuum for drying. Data from some of these tests are shown in Figure 3 . One end of the tube was opened to vacuum while the other end was sealed off to leave a dead space that had to be pumped through the tube. The pressure on both ends of the tube was recorded using vacuum ion gauges. As expected the end of the tube connected to the turbo pumped chamber had a lower pressure than the end that was sealed off and was pumped through the tube. The tube was pumped for 17 to 19 hours; at that point the tubing was valved off and a rate of rise test was initiated to determine how much volatile material was still in the system. As expected, the case with the lowest final pressure in Figure 3 was the case where the tube was vacuum baked after being rinsed with ethanol and purged with ambient temperature dry nitrogen. Figure 4 shows rate of rise test results for additional testing done with vacuum bake out of the tubing. Shown are the cases from Figure 3 as well as cases with a short vacuum bake out (19 hours) and long vacuum bake out (47 hours). As seen from the data in Figure 4 , the vacuum bake out has a largest effect on removing volatile material from the system than purging with dry nitrogen. As a result of these tests it is recommended that the thruster be cleaned by performing normal cleaning methods with a final ethanol rinse, followed with drying using a dry nitrogen purge and then vacuum baking the system. Results from these tests also provided information on outgassing rates of potential volatile contaminants (ethanol and water) from feed system surfaces after the cleaning process was complete. This is important both for the sake of system cleanliness, but also to insure that no gas bubbles are formed or trapped during the initial filling process of the propellant feed system. Flight system practices at Busek now include these cleaning procedures for every feed system component, and tests of propellant purity have shown a near 10-fold reduction in contaminant levels.
Propellant Cleanliness Specification
A number of tests were done with the propellant to aid in determining a purity and maximum contaminant specification. These tests also allowed us to gain experience with this propellant and observe its properties in a controlled enironment. In some tests liquid water and ethanol, as potentially volatile contaminants used in system cleaning, were added to the propellant to provide a contaminated sample for testing. In those tests it was observed that the water would form a bead that would float on the surface for several minutes before eventually disappearing, indicating miscibility of a small amount of water over a long time. In larger proportions of water, the propellant was not found to be as miscible. Ethanol in small quantities also seemed to be miscible in the propellant without chemical breakdown.
Once a contaminated sample was obtained the container with the propellant was placed in a vacuum chamber and pumped down. When the container material was metal the propellant would noticeably bubble violently and splatter out of the container. When the container material was glass, the bubbling was significantly reduced although measurements taken after the test showed that water escaped from solution at the exposed surface. Bubbling was also observed when metal was submerged in the propellant in a glass container and pumped down to vacuum; in those tests it was observed that the bubble nucleation site was on the metal. However if the metal was submerged in the propellant in a glass container for 2 days and then pumped down to vacuum, bubbles were not observed. The propellant was also found to be significantly hydroscopic, absorbing water from exposure to humid air, reaching up to nearly 1% concentration by mass in just a few hours.
These test results are significant because they indicate that the test configuration is important. The major difference between these tests and the thruster configuration is the amount of surface area exposed to vacuum. The containers used in these tests had large surface areas exposed to vacuum, while the thruster manifold only has a very small area at the ends of the emitters that are directly exposed to vacuum. In our tests the water could escape over the large exposed area, but in the thruster water coming out of solution would form a vapor bubble which would then have to reabsorbed in the propellant or migrate to a emitter tip to escape.
If the manifold is maintained at a pressure greater than the equilibrium vapor pressure the water will remain in solution. Therefore it is useful to know the equilibrium vapor pressure of water as a function of water concentration. This information can be found in the literature [6, 7] for temperatures between 30 and 80 C (303 to 353 K). Figure 5 shows plots of water equilibrium vapor pressure as a function of water concentration in propellant at various temperatures. It is evident that the water equilibrium vapor pressure increases as the temperature increases and it also increases as the concentration of water increases. The equilibrium vapor pressure is plotted as a function of temperature for a given concentration of water in propellant in Figure 6 . Here it is seen that on a log plot the variation in equilibrium vapor pressure is nearly linear with temperature at a given concentration. Also shown in Figure 6 is a data point obtained from exposing propellant which initially had a water concentration of ~300 ppm to air at a relative humidity of 35 % (+/-5%) at a temperature of 21 C. After 24 hours of exposure it had reached saturation at 7500 ppm.
In order to prevent bubble formation due to water contamination, the pressure in the propellant manifold must be higher than the equilibrium vapor pressure for water at the given temperature. Conversely, if the concentration of water can be reduced to acceptable levels over the full range of thruster operation, the likelihood of bubble formation can be significantly reduced. For the ST7 thruster the specification for water concentration in the propellant was set at less than 150 ppm.
Epoxy Compatibility
Additional testing was performed to determine the compatibility of epoxy used to bond various components of the propellant feed system. Two sets of tests were performed. In one set of tests cured epoxy was immersed in propellant and allowed to soak for a prolonged period to determine if it degraded. In the other set of tests, samples of the epoxy bonded to stainless steel tubes and other flow system materials were immersed in propellant; the samples were pressure tested at intervals to determine if the epoxy joint degraded after long periods of being immersed in propellant.
In the first set of tests, propellant was exposed to cured epoxy and chemically analyzed. This was to determine if epoxy components would leach into the propellant. Samples were exposed to propellant for 66 hours and 110 days at ambient temperature. The cured epoxy was cut in shavings using a clean hand drill. The shavings give a high surface area and accelerate the leaching process. The epoxy (0.17g) of was immersed in 7.8 grams of the propellant for 66 hours. The epoxy exposed liquid and the reference liquid were then extracted with 5cc hexane. The propellant is immiscible in hexane but is sparingly soluble. Therefore non-polar oily residue may be effectively extracted and concentrated for analysis. The epoxy was also exposed to hexane for 1 hour so the residues could be compared.
The hexane extract solution was evaporated and the low volatility residue was analyzed using Diffuse Reflectance/ Fourier Transform Infrared (DRIFT/FTIR) spectroscopy. FTIR provides chemical functional group information for quantitative analysis and qualitative identification of materials. The propellant extracted only a small amount of epoxy (bis phenol components) at a level of ~0.5 to 1 parts per million in the 66 hour sample. After the 110 day exposure the extractable residue was only ~30% higher. This is a trace amount of residue and not indicative of incompatibility with the epoxy. Figure 7 is the infrared spectra showing the aromatic peak from the bis phenol component of the epoxy. The hexane extract of the epoxy has the aromatic Bis Phenol components and silicone. It should be noted that there is ~1-2 ppm of aliphatic hydrocarbon (AHC) in the reference fluid (and epoxy exposed sample). This is likely from lubricant or the polyolefin container used for the propellant. The second set of testing was performed to determine the compatibility and integrity of a material bonded to stainless steel with propellant. This testing was undertaken using three samples of material supplied by Busek. Testing consisted of leak checking the epoxy joints prior to and subsequent to immersing the samples in propellant. Testing was performed under ambient conditions. The samples did not exhibit any noticeable degradation during the testing.
The samples consisted of a section of material epoxied to 25 mm long, 1.6 mm OD, 1 mm ID stainless tubing on each end. Sample 1 was used as a control, it was not immersed in propellant, and no testing was performed on it. The epoxy joints on samples 2 and 3 were leak tested by pressuring the samples to ~4.2 PSI after they had been filled with propellant. The samples did not leak and both were completely immersed in propellant after the initial leak test. Sample 2 was not retested until the test concluded; sample 3 was removed from the propellant and leak tested an additional 3 times during the test. Photographs of the samples were obtained using a microscope prior to testing and after each leak test. Table 1 lists the date when testing was performed, the sample the test was performed on, the pressure applied to the epoxy joint, whether the epoxy joints leaked or not, and whether photos were taken. There was no visible sign of degradation evident in the photographs of the samples after testing. The epoxy joints in question are expected to operate at pressures below 2 PSI (~100 Torr); the samples provided by Busek successfully passed leak testing which was conducted at slightly more than twice the maximum expected pressure. This testing did not identify any issues which would preclude using the test material to stainless in colloid thrusters.
Bubble Eliminator
Although the cleanliness specification should suffice to eliminate bubble during routine thruster operation, there are still situations where bubbles can form. The most likely situation is during launch. Contamination can occur because there is propellant in the emitters and manifold, which may become contaminated prior to launch during acceptance testing and the long term storage (two years duration or more) expected before launch. Even if purge flows are used they would occasionally be interrupted during launch preparation, again possibly contaminating the propellant. During launch the pressure will drop from atmospheric to under a Torr in about a minute. When this occurs, water will come out of solution and form a vapor bubble in the feed system. In order to remove these vapor bubbles a device called a "bubble eliminator" has been developed by Busek and integrated into the feed system between the microvalve and thruster head.
The bubble eliminator was tested at JPL using contaminated propellant flowing through the device, with the output vent connected to the vacuum chamber. The vacuum chamber included a risidual gas analyzer (RGA) to determine the type and quantity of gas (bubbles) being eliminated from the propellant feed system. Test results showed that the bubble eliminator was indeed capable of removing trapped gas (water and alcohol vapor as well as nitrogen and oxygen) from the propellant. Tests also included visual video records of injected bubbles being rejected within the bubble eliminator.
Conclusions
Ionic liquids are used as propellant in the micronewton colloid thrusters on the ST7 mission. A potential problem is the formation of water vapor bubbles in the propellant feed system. Two approaches for dealing with these bubbles were investigated. One approach was to determine a water contaminant specification required to prevent bubble formation. A specification of less than 150 ppm water in the propellant was adopted for the ST7 thrusters. The other approach was to use a bubble eliminator to remove bubbles from the feed system. Additional work to investigate the compatibility of thruster materials to long term propellant exposure did not exhibit any problems that would prohibit their use on the ST7 mission.
